It is known that sleep participates in memory consolidation processes. However, results obtained in the auditory domain are inconsistent. Here we aimed at investigating the role of post-training sleep in auditory training and learning new phonological categories, a fundamental process in speech processing. Adult French-speakers were trained to identify two synthetic speech variants of the syllable /d∂/ during two 1-h training sessions. The 12-h interval between the two sessions either did (8 p.m. to 8 a.m. ± 1 h) or did not (8 a.m. to 8 p.m. ± 1 h) included a sleep period. In both groups, identification performance dramatically improved over the first training session, to slightly decrease over the 12-h offline interval, although remaining above chance levels. Still, reaction times (RT) were slowed down after sleep suggesting higher attention devoted to the learned, novel phonological contrast. Notwithstanding, our results essentially suggest that post-training sleep does not benefit more than wakefulness to the consolidation or stabilization of new phonological categories.
INTRODUCTION
In the last two decades, evidences have accumulated to suggest that sleep participates in the consolidation of recently learned information (Diekelmann et al., 2009; Peigneux and Smith, 2010) , both for declarative (Born and Wilhelm, 2012) and non-declarative (e.g., Born, 1997, 1999) memories. Regarding the latter domain, many studies have found that sleep provides an advantage in consolidating skills and habits (i.e., a set of perceptual, motor, and cognitive abilities gradually acquired through repeated practice). For instance, it was found that post-training sleep boosts subsequent performance on non-verbal motor (e.g., Walker et al., 2002; Walker et al., 2003; Hotermans et al., 2006) , perceptual visual (e.g., Karni et al., 1994; Gais et al., 2000; Stickgold et al., 2000a,b) , and perceptivo-motor tasks (Smith and MacNeill, 1994; Maquet et al., 2000 Maquet et al., , 2003 Peigneux et al., 2003) . Notwithstanding, sleepdependent improvement in skills and habits cannot be generalized across modalities, as contradictory results have been reported in the auditory domain, in which we will focus hereafter.
Since a long time, studies showed that the perception of nonnative phonological contrasts can be improved after a short period of auditory training using identification and discrimination tasks. This improvement in perception have been extensively studied at the behavioral level both in adults (McClaskey et al., 1983; Jamieson and Morosan, 1986; Flege, 1989; Bradlow et al., 1997) and infants (Maye et al., 2002 (Maye et al., , 2008 , as well as at the cerebral level using electrophysiological (Tremblay et al., 1997 (Tremblay et al., , 1998 (Tremblay et al., , 2001 , functional, and structural brain imaging techniques (Golestani et al., 2002 (Golestani et al., , 2007 Golestani and Zatorre, 2004) . Associations between speech processing abilities and brain morphometry or myelination, together with consistent improvement in perceptual abilities and/or changes in the underlying brain activity after short training periods emphasize the importance of brain plasticity during the auditory training phase.
Beside practice-related changes during wakefulness, several studies showed that it is possible to train auditory discrimination abilities in sleeping newborns (Cheour et al., 2002; Sambeth et al., 2008) , showing that plastic processes are not on hold during sleep. Furthermore, other studies have suggested that posttraining offline sleep periods may play an important role in the development and consolidation of speech perception abilities. For instance, Fenn et al. (2003) trained subjects to discriminate phonological categories within a computer-generated speech. After 12 h of wakefulness, training-related gains in performance significantly decreased as compared to 12 h including a night of sleep. Furthermore, after a night of sleep in the group kept awake 12 h after training, recognition performance was back to immediate posttraining levels. All together, these results suggest a sleep-dependent consolidation process capable of restructuring previously learned auditory skills. Using a pitch discrimination task, Gaab et al. (2004) similarly found performance improvement after a night of sleep but not after equivalent periods of wake.
Notwithstanding, others failed to disclose sleep-dependent changes in auditory learning abilities. Indeed, Gottselig et al. (2004) found performance improvement in auditory tone sequence learning both after restful waking and sleep but not after busy waking, suggesting that it is actually ongoing interference from sensory input and other learning that prevents consolidation during active wakefulness. Likewise, Roth et al. (2005) trained participants to identify vowel-consonant combinations against a background noise; they found that performance improvement did not become effective until 4 h post-training, and actually developed similarly over a 12-h period either awake or including sleep. Hence, these studies disclosed sleep-independent consolidation by showing that time spent in the waking state is sufficient to improve performance. Still, it must be noticed that this conclusion only holds at the behavioral level. Atienza et al. (2004) also found similar improvements in auditory discrimination performance after sleep and wakefulness, whereas evoked-related potentials differentially developed as a function of the availability of post-training sleep. Indeed, sleep deprivation after training prevented the development of brain responses associated with automatic shifts of attention to unexpected stimuli.
In the present behavioral study, we investigated the potential role of post-training sleep in voicing perception, a fundamental auditory process in speech processing. Voicing perception relies mainly on the time interval between the release from stop closure and the onset of laryngeal pulsing, also know as the Voice Onset Time (VOT; Lisker and Abramson, 1964) . To test the hypothesis of sleep-dependent learning in voicing perception, adult Frenchspeaking participants learned to categorize new phonological French voicing contrasts during two 1-h training sessions separated by a 12-h interval either spent busy awake or including sleep. Results mainly indicate that, in line with prior studies, auditory perception abilities similarly improve in the sleeping and busy waking conditions, bringing into question the hypothesis that sleep plays a specific role in the consolidation of voicing perception skills.
MATERIALS AND METHODS

PARTICIPANTS
Participants (n = 20) were 18-38 years old native French-speakers with no reported history of auditory or language disorders. All were naive to the experimental procedure and had not participated in similar experiments before. They were randomly assigned to either the busy waking (10 participants; mean age = 20.9 ± 6.06; eight females) or the sleeping group (SG; 10 participants; mean age = 19.7 ± 2.7; seven females). All participants had intermediate chronotype (range 37-62), as measured by the MorningnessEveningness Questionnaire (Horne and Ostberg, 1976) . Laterality Quotient (Oldfield, 1971) indicated three left handed participants in the busy waking group (BWG) and two left handed participants in the SG.
MATERIAL
Stimuli were /alveolar stop + neutral vocoid/ syllables generated by a parallel formant synthesizer (Klatt, 1980) issued from a /d∂-t∂/ VOT continuum, from −90 to +90 ms VOT provided by Carré (2004) . The VOT continuum means that perception of the generated syllable will vary from /d∂/ to /t∂/ as a function of the time interval (e.g., 90 ms) between the release from stop closure to the onset of laryngeal pulsing but also the occurrence of these two events (+ when the release from stop closure occurs before, e.g., +90 ms, and − when the release from stop closure occurs after the laryngeal pulsing onset, e.g., −90 ms).
In this study, only two different VOT values were used: −20 ms VOT and −40 ms VOT. The onsets frequencies of the F1, F2, and F3 transitions were respectively of 200, 2200, and 3100 Hz and the steady state formant frequencies were 500, 1500, and 2500 Hz, respectively. Negative VOT values were synthesized with periodic energy (60 dB), F1 bandwidth at 50 Hz, and F2 and F3 bandwidths both at 600 Hz. The F 0 value was constant at 120 Hz and the overall duration of each stimulus was 200 ms.
Preliminary studies showed that these two stimuli are perceived as /d∂/ by French-speaking children and adults (Medina et al., 2010; Hoonhorst et al., 2011) . In French, the /d∂-t∂/ VOT continuum is divided into two categories at about 0 ms VOT, corresponding to an opposition between voiceless and voiced stops (Serniclaes, 2011) . Using this material, the −40 ms VOT will remain associated to the /d∂/ category throughout training, whereas a mismatch in perception will progressively develop for the −20 ms VOT. Indeed, training and systematic feedback will force and reinforce categorization of the −20 ms VOT, initially associated with the /d∂/ category, to the novel /t∂/ category. Identification tasks (pre-training, post-training, and training; see below) were programmed and presented using Matlab™ software. Stimuli were binaurally delivered through headphones (SENNHEISER HD 202), and feedback (during training sessions only) was provided on a 15 computer monitor located ±50 cm from the participant's eyes.
PROCEDURE
All participants participated in two 1-h training sessions separated by a 12-h interval ( Figure 1A) . The BWG had the first training session in the morning (8 a.m. ± 1 h) and the second training session in the evening of the same day (8 p.m. ± 1 h). In the SG, the first training session was in the evening of 1 day (8 p.m. ± 1 h) and the second training session in the morning of the following day (8 a.m. ± 1 h). At each session, an identification task took place prior and after the training session (see below; Figure 1B) .
At the beginning and at the end of each 1-h session, subjective vigilance was monitored using the Karolinska Sleepiness Scale (KSS; Akerstedt and Gillberg, 1990) , with which participants rated their perceived drowsiness state from one (highly awakened) to eight (highly drowsy). Objective vigilance was also monitored using the Psychomotor Vigilance Task (PVT; Dinges and Powell, 1985) . In the PVT task, participants were asked to press a response key as fast as possible whenever a millisecond countdown appeared in the middle of a black computer screen. Stimuli appeared randomly within a time window ranging from 2 to 10 s, all along a 5-min period.
Finally, sleep habits over the past month were assessed using the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989) . Nightly sleep quality was subjectively assessed using the St. Mary's Hospital Sleep Questionnaire (Ellis et al., 1981) for the night before the experiment in both groups, and the night between the two training sessions in SG participants. Additionally, the Fatigue Severity Scale (FSS - Krupp et al., 1989 ) and the Epworth Sleepiness Scale (ESS -Johns, 1991) were used to control for fatigue over the week before the experiment. (Akerstedt and Gillberg, 1990 ); PVT, Psychomotor Vigilance Task (Dinges and Powell, 1985) ; Pre-and Post-correspond to identification tasks (1 block of 20 stimuli each) administered before and after the training (25 blocks of 20 stimuli) sessions.
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TRAINING
Participants were trained using a two-alternative forced choice identification task. At each session ( Figure 1B) , 25 blocks of 20 stimuli were presented. Each block was composed of 10 random presentations of each −20 ms VOT (associated to the /t∂/ answer) and −40 ms VOT (associated to the /d∂/ answer). For each token, participants were presented with single sounds; they had then to decide whether they heard a /d∂/ or a /t∂/ by pressing the appropriate response key on the keyboard. After each answer, a green (correct response) or a red (false response) reinforcement screen appeared on the computer to provide feedback on perception accuracy. Order of stimuli was counterbalanced between participants, sessions (session 1 and session 2) and blocks within a session.
PRE-AND POST-TRAINING
To assess the evolution of perception abilities, an identification task was administered before (pre-) and after (post-) training at both sessions ( Figure 1B) . Like in training, participants were presented with single sounds and had to decide whether the presented stimulus was a /d∂/ or a /t∂/ by pressing the appropriate response key on the keyboard. After each answer, there was a 2 s delay before the next trial was initiated. Contrary to training however, no feedback was provided after the participant's answer. Each identification task comprised 20 stimuli with 10 random presentations of the −20 and −40 ms VOT. Order of stimuli was counterbalanced between participants, sessions (session 1 and session 2), and blocks within a session (pre-and post-training).
DATA ANALYSIS
Training-related learning effects were analyzed separately for both training sessions using repeated measurements ANOVAs on correct identification with Practice (two levels: pre-and posttraining) and Stimulus (two levels: −20 and −40 ms VOT) as within-subject factor and Group (two levels: SG and BWG) as between-subject factor. It was not possible to analyze reaction times (RTs; latency from stimulus onset to button press) since some participants failed to identify −20 ms VOT as a /t∂/ in pre-training.
Sleep-or Time-dependent effects were analyzed using both percentage of correct identification and RT, comparing identification performance between post-training at Session 1 and pre-training at Session 2. Repeated measurements ANOVAs were computed on either correct identification or RTs with Session (two levels: posttraining S1 and pre-training S2) and Stimulus (two levels: −20 and −40 ms VOT) as within-subject factor, and Group (two levels: SG and BWG) as between-subject factor.
RESULTS
SLEEP, SLEEPINESS, AND VIGILANCE PARAMETERS
Sleep duration and latency (PSQI) were similar in BWG and SG participants (both F < 1). Average sleep latency was 37 ± 29.4 min, and average sleep duration 7.9 ± 0.9 h Likewise, fatigue (FSS: 32 ± 8.7; F < 1) and sleepiness [ESS: 11.5 ± 4.4; F (1, 18) = 3.12; p > 0.05] scores over the week preceding the experiment were similar. For the night preceding the experiment (St. Mary's Hospital Sleep Questionnaire), sleep duration was longer in the SG (8.63 ± 1.4 h) than in the BWG (average 6.65 ± 0.96 h) group [F (1, 18) = 13.5; p = 0.002]. Average sleep duration during the night between Sessions 1 and 2 in the SG group was 6 ± 0.96 h.
Objective (PVT; RT) and subjective (KSS; scale score) vigilance (Table 1) parameters were analyzed using repeated measurements ANOVAs with within-subject factors Session (two levels: S1 vs. S2) and Practice (two levels: pre-vs. post-training) and betweensubject factor Group (two levels: SG and BWG). No significant main or interaction effects were found either for the PVT or the KSS, suggesting that vigilance was maintained at similar levels within participants and across groups all over the experiment (all p > 0.1).
TRAINING-RELATED EFFECTS
During training Session 1, identification performance drastically improved from pre-to post-training evaluation blocks for the −20 ms but (as expected) not for the −40 ms VOT, both in SG and BWG participants (Figure 2) . During training Session 2, performance seemingly increased similarly in SG and BWG participants for both training values (−20 and −40 ms VOT).
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Statistical analysis confirmed these observations. During 
SLEEP-RELATED EFFECTS
Identification scores
As illustrated Figure 2 , identification performances globally decreased for both groups and stimuli types over the 12-h interval between post-training Session 1 and pre-training Session 2. Statistical analysis confirmed these observations in disclosing a significant Session effect only [F (1, 18) = 16; p = 0.001; η 2 = 0.47]. Decreased performance was observed for SG and BWG groups both for −20 ms VOT (Post-Session 1: 69 ± 30.9% and Pre-Session 2: 61.5 ± 29.6%) and −40 ms VOT (Post-Session 1: 84.5 ± 17.6% and Pre-Session 2: 71.5 ± 17.8%). Stimulus [F (1, 18) = 3.6; p > 0.05; η 2 = 0.17] and Group (F < 1) factors, Session × Group (F < 1), Stimulus × Group (F < 1), Session × Stimulus (F < 1), and Session × Stimulus × Group (F < 1) interaction effects were all non-significant.
Reaction times
Figure 3 illustrates overall faster RTs over the 12-h interval in pretraining Session 2 than post-training Session 1, with the exception of increased RT in the SG group for the −20 and −40 ms VOT. Statistical analyzes disclosed significant Session × Group [F (1, 18) = 5.7; p < 0.03; η 2 = 0.24] and Session × Stimulus × Group [F (1, 18) = 7.3; p < 0.02; η 2 = 0.3] interaction effects. Planned comparison contrasts looking at changes from pre-to posttraining blocks for each stimulus type were performed for each group separately. For SG participants, comparisons reached significance for the −20 ms VOT [F (1, 9) = 6.28; p < 0.04; η 2 = 0.41] but not the −40 ms VOT (F < 1). For BWG participants, no significant changes were observed both at −20 and −40 ms VOT [respectively F (1, 9) = 2.7; p > 0.05; η 2 = 0.13 and F (1, 9) = 2.9; p > 0.05; η 2 = 0.12].
DISCUSSION
Our study aimed at determining the potential benefit of posttraining sleep in learning new phonological contrasts. To do so, we assessed learning and retention over two 1-h training sessions spaced apart by 12 h spent either during a busy day awake or a night including a sleep period. Results revealed strong and efficient learning in both experimental groups. Indeed, after 1 h of training (i.e., 25 blocks of 20 stimuli), identification scores drastically improved (about 60%) for the new stimulus to be categorized (i.e., −20 ms VOT associated to /t∂/), whereas as expected they remained high and stable for the over learned −40 ms VOT. During the second 1-h session, acquired identification abilities were relatively preserved and identification scores continued improving in all conditions (about 15%) both for the learned (−20 ms VOT) and the prototypical (−40 ms VOT) stimuli. These results are in accordance with the vast majority of auditory training studies, indicating that auditory perception abilities can be improved within short-term laboratory training sessions (Jamieson and Morosan, 1986; Tremblay et al., 1997 Tremblay et al., , 1998 Tremblay et al., , 2001 Golestani and Zatorre, 2004) . To specifically assess the potential contribution of post-training sleep in offline changes in performance, a 12-h delay separated the two training sessions, and participants were randomly assigned to either a sleeping or a BWG. Results disclosed a similar evolution from the end of the first to the beginning of the second training session, with an actual decrease in identification performance (about 10%) for both stimuli types, although remaining significantly higher than at the beginning of training in Session 1 for the learned −20 ms VOT. As it is, these results are partially in line with prior studies (Gottselig et al., 2004; Roth et al., 2005; also Atienza et al., 2004 at the behavioral level) having shown sleep-independent changes in performance. However, it should be noticed that these studies reported strong improvements in performance over a sleeping or a busy waking period, whereas our results at best indicate performance stabilization, since performance slightly decreased but still was above chance levels for the learned −20 ms VOT. Still, sleep-dependent consolidation processes are not necessarily akin to performance improvement (Peigneux et al., 2005) , and the fact that performance stabilized over time slightly below end-of-training levels only indicates that quantitatively similar processes are at play during post-training sleep and wakefulness periods. Also, it was recently pointed out that menstrual cycle variations might exert an influence on motor and declarative sleep-related memory consolidation in women (Genzel et al., 2012) . Further studies should test whether this factor may contribute to the performance profile found in the present study using a perceptual auditory training task. Surprisingly, beside equivalent temporal dynamics in identification performance in sleeping and waking groups, RT exhibited a differential evolution. After 12 h of wakefulness, RT were unchanged for both stimuli types, whereas they slowed down for the trained −20 ms, but not for the over learned −40 ms VOT in the post-training sleep condition. One potential and straightforward interpretation for such changes occurring in opposite direction in both training groups for the −20 ms VOT would be that they reflect a mere circadian effect. Indeed, inspection of Figure 3 shows that RTs are systematically slower in the morning than in the evening in both groups, although the between-session effect reaches significance in the Sleep group only. However, we believe that this interpretation is not entirely justified since no between-groups or between sessions differences are observed on the psychomotor vigilance test (Dinges and Powell, 1985) , known to be highly sensitive to variations in circadian and homeostatic pressure regulatory processes (see, e.g., Schmidt et al., 2007) . Also, RTs for the −20 ms VOT were actually slower, not faster, in the morning than in the evening, and no session effect was observed for the −40 ms VOT. Such pattern that cannot be easily explained in terms of a mere circadian effect should have affected all components equally.
In this context, another tempting explanation for this itemspecific response slowing in the −20 ms VOT condition would be that conscious processing of the task was increased after sleep. It is worth noticing that slowed responses occurred for the target stimulus, where a mismatch in phonological perception was imposed by systematic feedback during training, eventually leading to the association of the target stimulus with another phonological category. Using a Number Reduction Task (NRT) in which subjects suddenly realize during practice that there is an underlying, simpler numbers transformation rule that allows to solve the problem in a straightforward manner, Wagner et al. (2004) found that not only post-practice sleep accelerated the discovery of the hidden rule, but also that RT were actually slower in the preceding trials in solver participants. According to the authors, response slowing was related to processes of search and task analysis following the presence of an incipient representation of the hidden rule. Although no rule was hidden in our paradigm and instructions were perfectly explicit, it may be that in participants having been allowed to sleep after training, a more salient and conscious representation of the voicing contrast to be learned emerged, leading to more time spent in the analysis of the stimulus. Although speculative, this interpretation might be related to the aforementioned study of Atienza et al. (2004) , who found that despite a lack of sleep-dependent behavioral change in auditory discrimination performance, sleep deprivation after training prevented the development of brain responses associated with automatic shifts of attention to unexpected stimuli. Such results may suggest that post-training sleep improves the efficiency of the brain's attentional mechanisms in detecting the presence of meaningful stimuli within the environment and making them available for conscious inspection. However, such item-specific response slowing after sleep still unclear and should be investigated further. To address this question further studies should investigate whether response slowing after post-training sleep in learning novel voicing contrasts is replicable and associated with changes at the brain www.frontiersin.org level, either in terms of electrophysiological (e.g., ERPs) or brain imaging (e.g., fMRI) responses. Indeed, it is possible for covert, non-measurable behavioral changes after sleep to be accompanied by sleep-dependent changes in the underlying cerebral activity, as previously shown in the declarative memory domain (Orban et al., 2006; Gais et al., 2007; Rauchs et al., 2008; Sterpenich et al., 2009) .
To sum up, this study showed that sleep does not benefit new phonological contrast learning but it suggests emergence of a more conscious representation of the learned stimulus.
